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Abstract 
The nonlinear wave impact forces on marine structures can lead to severe damage even collapse of the structures. The seawater 
intake caisson of the desalination plant located at Agatti Island, UT of Lakshadweep, India experienced high wave breaking 
forces resulting in the strengthening of the structure. When a wave breaks directly on the intake structure, the resulting impact 
wave force is severe and wave pressure distribution on the intake structure depends on the nonlinear wave transformation over 
finite water depth. A clear understanding of these impact wave forces on the caisson is required to optimize the design of 
similar structures in future. Hence, an attempt is made to undertake full scale investigations in field to measure the dynamic 
wave pressures on the caisson and compare the results with the existing theoretical and numerical methods. These 
measurements are intended to validate the existing formula for estimating design wave load and to construct a numerical model 
for the real field condition, which is required for design of similar structures in other islands of UT Lakshadweep. This paper 
treats a full scale measurement of pressure fields on a vertical wall under wave impacts which also present complete 
experimental setup at filed and results of investigations carried out to estimate the wave forces on the vertical wall of seawater 
intake caisson. Pressure measurements and derived force calculations on the vertical wall of seawater intake caisson were 
compared with the existing formula of Goda (1974). The time series of the variations in the dynamic pressure over the vertical 
wall indicates that the caisson experienced a maximum force during extreme wave action.  The analysis indicates that formula 
of Goda overestimates the force on the caisson by about 30% during pre-monsoon for highest significant wave height of 1.44m 
and wave period of 12sec and underestimates the force by about 55% during monsoon for highest significant wave height of 
2.76m and wave period of 15sec. This study highlights the estimation of wave loads on this structure during pulsating and 
impulse conditions of wave regime. 
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1. Introduction 
    Seawater intake structures are very common in desalination plants, fish farms, offshore industries and power 
stations to collect water of specific characteristics for the required function. Since, these structures are exposed to 
the harsh sea environment; they experience extreme impact force, run-up, scour etc., and have to be carefully 
design to withstand the negative impacts on the environment.  A rectangular seawater intake caisson measuring 
12.2m x 8.3m x 9.1m was constructed in Agatti Island, located 460km from the mainland (Kochi) on the west 
coast of India. This seawater intake caisson is meant for drawing deep sea cold water (at 12°C) from 400m depth 
and warm surface water (at 27°C) from 6m depth through submarine pipelines for the purpose converting seawater 
in to potable water using Low Temperature Thermal Desalination (LTTD) technique. The caisson is positioned at a 
distance of 230m from the shoreline in a water depth of 5m w.r.t chart datum where tidal range is 1.8m. Location 
map for Agatti Island is shown in Fig. 1 and the elevation view of the seawater intake caisson, desalination plant 
and approach trestle/bridge is shown in Fig. 2.  
 
Fig. 1:  Location map for Agatti Island, UT of Lakshadweep, India 
 
 
  Fig. 2: Elevation view of seawater intake caisson, desalination plant and approach trestle at Agatti Island 
 
As the intake caisson has been experiencing extreme wave climate during monsoon and pre monsoon seasons, field 
studies were carried out to determine the pressure variations over the front face of the intake caisson. Fig. 3 shows 
the extreme wave action on the intake caisson in field. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Extreme wave action on sea water intake caisson in field 
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 Numerous physical model tests to evaluate structure stability have been performed by various researchers to 
provide guidelines for designing coastal structures. Formulas to estimate wave induced forces and moments are 
provided in the Coastal Engineering Manual (CEM) including recommendations regarding their range of 
application and limitations. The wave load is split into quasi-static and a dynamic (slamming) component. The 
quasi-static load is reasonably approximated, whereas the dynamic component is associated with the repeated 
cyclic impact of a mass of water on the structure. Wave breaking, especially plunging breakers, may induce very 
high impact forces on the structures. The temporal development of the force as well as the dynamic characteristics 
of the wave load must be considered in the design and stability analysis of intake structures.  
 
    A detailed analysis of the breaking wave forces is difficult, since the duration of these impact forces is extremely 
short. There are a number of formulae available for different types of waves breaking at the structure. These 
formulae generally include magnitude of maximum pressures, their distributions and forces. However, all these 
formulae are fully empirical or semi-empirical in nature. The alternatives approach for effective design of intake 
structures is to relay on full scale field measurements and numerical modes studies.  In the present study, full scale 
measurements on intake structure at Agatti LTTD plant is carried out using array of pressure transducers with the 
submerged wave gauges. As the caisson was located in wave breaker area, it is subjected to high wave forces. In 
order to estimate the wave forces exerted on the intake structure wall, it is essential to study the wave interaction on 
the intake structure. The objective of the present study is to obtain the total pressure acting on the structure using 
pressure transducers and compare with the analytical results.  
2. Analytical procedures for estimation of wave load 
    Several wave force theories have been used for the estimation of the wave force acting on vertical wall. For 
example, in 1928, Sainflou gave a theory for determining wave force on the vertical wall corresponding to a 
standing wave. In 1950, Minikin proposed a formula from the studies of impact force tests. Goda, in 1973, obtained 
equations for the design load on vertical walls based on wave pressure distribution. The equations are mentioned 
below and the wave pressure distribution along the vertical wall is shown in Fig. 4. 
 
 
 
   
 
 
 
 
 
 
     
 
 
 
 
 
However, a large number of vertical wall structures/caissons are still being damaged by breaking waves and 
sometimes can be storms. Extreme wave actions cause either displacement or overturning of caissons or 
progressive damage of structural components or foundation failures due to liquefaction or excessive base pressures. 
The damages are mainly associated with the impact of breaking waves during unexpected cyclones.  
 
    Wave loads can be determined by other methods (i) by laboratory experiments (physical modeling) (ii) by more 
advanced numerical modelling procedures and (iii) by full scale experiments in the field. Due to complexity of wave 
 
Fig. 4. Wave pressure on vertical wall by method of Goda (1974) 
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behaviour in front of the structure, the evaluation of wave forces on the structure is mostly done through 
experiments in the laboratory with serious constraints on the estimate due to scaling laws, flume dimensions, etc. 
Particularly when impacts due to breaking waves on vertical face structures are measured, the same scaling laws do 
not apply to all types of impact mainly because air entrainment cannot be modelled at suitable scales. Generally the 
Froude relationship is used as there is evidence to suggest that this gives a conservative result. Field experiments 
will result in better understanding of the actual wave force that the structure will experience.  Hence, full scale 
experiments on the structure at field may results the reliable wave loads on the structures. 
3. Methodology 
3.1. Experimental Set-up 
    An experiment was conducted on seawater intake caisson at Agatti Island on full scale basis.  The incident wave 
components were measured using the bottom mounted directional wave recorders deployed in front of the caisson 
at 5.5m, 6.2m and 7.2m water depths with a distance of 5m, 20m, and 50m respectively towards offshore as shown 
in Fig. 5. The time history from the farthest recorder was initially considered as the incident wave, however, the 
wave elevations from two recorders were used to decompose the composite wave elevation into incident and 
reflected components. To arrive at optimal location of gauges, Boussinesq wave model that is widely suited for the 
nonlinear wave transformations in shallow water region was used.  
 
 
 
 
 
 
 
 
 
 
 
 
 
The enhanced Boussinesq equation was solved by implicit finite difference approximation. Local bathymetry was 
meshed on to a 450×400 grid with the maximum water depth of 30 m along the wave generation line. All outgoing 
waves were absorbed by means of sponge layer and the porosity layers were placed along the intake structure to 
enable full reflection. To optimize the location of wave gauges, extreme wave condition of wave height 5 m with 
18s period was simulated as shown in Fig. 6. The wave heights at 1m interval were analyzed from the caisson up to 
150 m using two point reflection method and the distance between the gauges was varied and the reflection 
coefficient against the distance from caisson was plotted in Fig. 7. Three optimal locations were obtained from 
numerical simulation and were used to measure incident and reflected wave and tide parameters for estimating the 
wave forces on the structure.  
 
 
 
 
 
 
 
 
 
   
Fig. 6.  Locations of wave gauges (WG-1 & WG-2) for two point reflection method 
 
 
Fig. 5. Pictorial representation of full scale experimental setup on the caisson 
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Array of pressure transducers was used for wave pressure measurement on vertical wall of the caisson as shown in 
Fig. 8. Totally 15 pressure transducers were fixed in 5 rows and 3 columns, the pressure transducers were labelled 
as PT1-PT5, PT6-PT10 and PT11 to PT15 along the vertical wall of the caisson.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.2. Instrumentation 
    The time histories of dynamic wave pressures were measured by diaphragm type pressure transducers having 
pressure range 0-5bar with output current of 4-20mA and sampling rate upto 2000Hz. Wave pressure is recorded at 
the rate of 400Hz and the data was transferred to data acquisition system and computer which are located at control 
room.  
4. Field measurements, results and discussions 
    The various measurements obtained through the field investigations and time series of water surface elevation 
and the wave pressures exerted on the vertical wall of the intake caisson were analyzed.  
 
 
 
 
Fig. 7. Reflection coefficient near the intake caisson 
      
Longitudinal section of caisson                                                cross section of caisson 
  
Fig. 8. Arrangement of pressure transducers on caisson 
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4.1. Tide 
    Water levels are being monitored at three locations with 15 min interval since March 2012. The observed 
water level at DWR 1 for the period of 2 months from January to February 2013 is shown in Fig. 9. Tide varied 
between 1.8 m during spring and 0.4 m during neap. A maximum of 0.2m residual was observed on separating the 
tidal components. Tides at Agatti Island were classified as semidiurnal in nature with a form number of 0.86. 
 
 
 
 
 
 
 
 
 
 
 
 
4.2. Waves 
    Wave characteristics such as significant wave height, peak period and mean wave direction were derived based 
on the time series of water surface elevations obtained from the wave gauges (DWR). Fig. 10 shows the overall 
time series of measured wave characteristics at three locations. It was observed that the wave height at location 1 
was more than that at locations 2 and 3. The maximum wave height occurred during the observation period was 
around 5.1 m on 19th July, 2012. The wave period during the observation period predominantly varied from 3 to 14 
s, with an average value of 9 sec at all the three locations. The scatter distribution of wave height and period shown 
in Fig. 11 emphasized the swell wave conditions. During observation period most of the waves had height and 
period combinations of 0.4 m to 1.0 m and 8 to 12 s.   
 
Fig. 10 Time series of wave characterises at three locations 
 
 
Fig. 9. Time series of water levels in Agatti Island 
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Fig. 11.  Scatter distribution of wave height and wave period at three locations. 
    The wave spectrum shown in Fig. 12 indicated that the wave energy was spread in the frequency range of about 
0.06 Hz to 0.15 Hz or equivalent of wave period with a range of 6 to 16 sec. The wave energy was concentrated 
around the frequency range of 0.07Hz. The energy at locations 1 (DWR 1) and 2 (DWR 2) was significantly higher 
than that at location 3. Most of the waves originated from the south east direction as shown in the Fig. 13.  
                         Pre-monsoon                                                             Monsoon                                              Post -monsoon 
        
 
Fig. 12.  Spectral wave energy variation during different seasons at three locations 
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The wave scatter table showing the joint probability of maximum wave height and wave zero crossing periods is 
detailed in Table 1.  The rows give the different wave height classes and the columns the zero crossing period 
classes.   
Table  1. Wave scatter table 
Max. wave 
height,  
Hmax (m) 
Wave period,Tz (sec) Sum  
over all 
periods 
% of 
occurrence 2-4 4-6 6-8 8-10 10-12 12-14 14 - 16 
0.3 - 0.6 0 11 127 374 141 5 0 658 4.1 
0.6 - 0.9 1 100 862 2348 985 53 1 4350 27.0 
0.9 - 1.2 1 163 984 2482 1391 75 6 5102 31.7 
1.2 - 1.5 1 119 487 1455 1122 77 1 3262 20.3 
1.5 - 1.8 3 80 216 672 649 70 3 1693 10.5 
1.8 - 2.1 0 34 38 247 309 46 5 679 4.2 
2.1 - 2.4 0 17 13 72 122 29 4 257 1.6 
2.4 - 2.7 0 3 2 11 35 10 1 62 0.4 
2.7 - 3.0 0 0 0 6 19 1 0 26 0.2 
3.0 -3.3 0 0 0 2 4 1 0 7 0.0 
3.3 -3.6  0 0 0 0 1 1 0 2 0.0 
Sum over 
all heights 6 527 2729 7672 4782 368 21 16105   
% of 
occurrence 0 3.3 16.9 47.6 29.7 2.3 0.1    
4.3. Wave pressure 
    The wave pressure was recorded by pressure transducers at different levels (z = 0m, 1m & 2m) on the vertical 
wall of the intake structure. Pressures transducers No 3, 8 & 13 were placed on the wall at z = 0 m, pressure 
transducers No 4, 9 & 14 were placed on the wall at z = -1 m and pressure transducers No 5, 10 & 15 were placed 
 
 
Fig. 13.  Wave rose plot during monsoon season 
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on the wall at z = -2 m,  the rest of pressure transducers No 1, 6 & 11 were placed on the wall at z = 2 m and 
pressure transducers No 2, 7 & 12 were placed on the wall at z = 1 m (refer Fig. 9). Since pressure transducers No 
1, 2, 6, 7, 11, and 12 were most of the time exposed to atmospheric pressure, no dynamic pressure was recorded by 
these transducers. The intensity of dynamic pressure recorded by pressure transducers No.8, 9 and 10 along the 
centre line of caisson is shown in Fig. 14. 
 
Fig. 14. Time series of water surface elevation from DWR-1 and dynamic pressures from PT-8, PT-9& PT-10  
4.4. Comparison of  field results with analytical results 
Takahashi et al. (1993) had proposed to use impulsive pressure coefficient DI in place of D2 when DI is 
larger of the two to estimate the wave force due to breaking waves in improved Goda formula. But in the present 
study D2 is greater than the DI hence the D2 is considered for estimation breaking wave force on the caisson. The 
measured dynamic wave pressures at field during pre monsoon and monsoon were compared improved Goda 
method.  
The variation of dynamic wave pressure along the vertical wall during pre-monsoon and monsoon in the 
Fig. 15 & 16. Results show that Goad’s method overestimates the wave force on the vertical wall of caisson by 
30% during pre-monsoon and underestimates the wave fore on caisson by 55% during monsoon. Even in the 
improved Goda method, the impulsive pressure coefficient proposed by Takahashi et al.  for composite breakwater 
cannot be directly applied to the seawater intake caisson placed on the horizontal seabed.  
 
 
 
 
 
 
 
 
 
 
 
 
            Fig. 15. Dynamic wave pressure profile along                                         Fig. 16. Dynamic wave pressure profile along the  
                         the vertical wall during pre-monsoon                                                  vertical wall during monsoon 
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5. Conclusions 
    Detailed measurements and field investigations of non-breaking and breaking wave pressures on the vertical 
wall of the seawater intake caisson have been made in a full-scale to study breaking wave effects on vertical face 
of intake caisson. Comparison of field results with existing analytical prediction methods highlighted large scatter 
in estimates of wave force and significant under-estimation of most severe loads during monsoon, calling for the 
development of a methodology for estimation of wave loads on seawater intake caisson in Lakshadweep islands. 
The following conclusions are obtained from this full scale field study. 
 
a. Wave parameters are being measured since 3 years and the maximum wave height occurred during the 
observation period was around 5.1 m on 19th July, 2012. The wave period during the observation period 
predominantly varied from 3 to 14 s, with an average value of 9 sec at all the three locations. During 
observation period most of the waves had height and period combinations of 0.4 m to 1.0 m and 8 to 12 s. 
b. The wave measurements indicated that the caisson experienced the breaking wave forces during pre-
monsoon and monsoon. 
c. The measured pressures on the vertical wall of seawater intake caisson were lower than that predicted by 
formulae of Goda (1974) during non-breaking normal wave conditions. 
d. The measured pressures on the vertical wall of seawater intake caisson were higher than that predicted by 
formulae of Goda (1974) during breaking/higher wave conditions. 
e. The variation between analytical and field results could be due to influence of air and scale on wave 
impact pressures. 
f. Results clearly demonstrate that Goda method is either under predicting or over predicting the total wave 
pressure acting on the caisson. 
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